Methyl benzoate (MB) is studied as a model compound for the development of new IR pulse schemes with possible applicability to biomolecules. Anharmonic vibrational modes of MB are calculated on different level (MP2, SCS, CCSD(T) with varying basis sets) ab-initio PESs using the vibrational self-consistent field (VSCF) method and its correlation corrected extensions. Dual level schemes, combining different quantum chemical methods for diagonal and coupling potentials, are systematically studied and applied successfully to reduce the computational cost. Isotopic substitution of β-hydrogen by deuterium is studied to obtain a better understanding of the molecular vibrational coupling topology.
I. INTRODUCTION
Vibrational spectroscopy is among the foremost experimental tools in the exploration of molecular potentialenergy surfaces (PES). Its application to biological systems has so far been severely handicapped, both by experimental difficulties and by the unavailability of adequate computational tools for quantitative interpretation. Recent success in the experimental realization of coherent multidimensional infra-red (IR) spectroscopy provides a new powerful tool to study structure and dynamics of biomolecules with a temporal resolution down to the sub-picosecond regime [1] [2] [3] [4] [5] [6] . Multidimensional IR spectroscopy has the potential to disentangle the congested vibrational spectra of biomolecules to some extent similar to multidimensional NMR 7-9 but with significantly higher temporal resolution. In nonlinear multidimensional spectra the structural and dynamical information is typically available in terms of diagonal and cross-peak shapes, locations and intensities and their respective temporal evolution 10 . The interpretation of this data in terms of a dynamical model of the biomolecule under investigation requires extensive theoretical modeling.
The calculation of vibrational spectra within the harmonic approximation is very useful, but often has limited significance since many biologically relevant molecules are "floppy" and subject to strong anharmonic effects 11 . Anharmonic effects are even much larger in weakly bound molecular complexes, e.g. hydrogen-bonded complexes with surrounding water 12 . Also, frequently one is interested in the regions of the PES far away from the equilibrium configuration, where the harmonic approximation is even less applicable. The main problem of anharmonic spectroscopic calculations is that different vibrational a) Electronic mail: kiran.maiti@ch.tum. de. modes are not mutually separable like in the harmonic approximation 13, 14 . Therefore one has to face the task of calculating wavefunctions and energy levels for systems of many coupled degrees of freedom. Several attempts have been made to overcome this problem. Among others, the discrete variable representation (DVR) [15] [16] [17] , diffusion quantum Monte Carlo (DQMC) [18] [19] [20] , and vibrational self-consistent-force field (VSCF) [21] [22] [23] , methods proved their applicability to study anharmonic effects in systems with varying sizes. The VSCF method is most successful among them to effectively handle large molecular systems.
IR absorption spectra of peptides and proteins are dominated by vibrational bands that can be described approximately in terms of oscillators localized in each repetitive unit and their mutual couplings. The most extensively studied bands are amide-A and amide-B in the region 3000-3500 cm −1 and amide-I and amide-II between 1500-1700 cm −1 , which are spectrally well separated from the remaining spectrum and exhibit a strong dependence on the structural motifs present in the investigated biomolecules 24, 25 . The amide-I vibrational mode, which involves mainly the C=O stretch coordinate, has experimentally been the most important mode due to its large transition-dipole moment and because it appears to be mostly decoupled from the remaining vibrational modes in proteins. A detail understanding of these modes is then necessary to understand the structure and dynamics of the protein and peptide. Due to the complex structure of proteins a detailed theoretical understanding of these modes is complicated. A simple small molecule is then necessary for which these exemplay modes and their mutual couplings can be studied in more detail.
In this work Methyl benzoate was chosen as a model for potential vibrational couplings between the carbonyl group and a sidechain C-H moiety, which would allow for a determination of backbone-sidechain dynamics in peptides and proteins. Methyl benzoate has an idealized planar configuration, except for the two hydrogen atoms at the methyl group which are symmetrically out-of-plane with respect to the rest of the molecule (see Fig. 1 ). The methyl carboxylate group is then co-planar with the phenyl ring. The C=O double bond in the carboxylic ester group essentially constitutes a local oscillator similar to the amide-I band in proteins and provides a convenient mode for model studies. A potentially interesting coupling in proteins is the coupling between the amide-I and a β-hydrogen located in the sidechain. Methyl benzoate also provides a similar structural motif where the ortho hydrogen in the phenyl ring provides the counterpart of a β-hydrogen in protein sidechains. The structural similarities of these two motifs in Methyl benzoate and proteins are depicted in Fig. 1b . Isotopic substitution is a valuable tool in the identification of molecular structure and dynamics. The C-H or C-D stretch vibrations are particularly important structural probes, because they are very localized, specific, and abundant. Especially the C-D stretching frequency is an excellent structural probe since it is usually spectrally isolated (∼2200 cm −1 ) even in the spectrum of large proteins. Substitution of β-hydrogen by deuterium provides a probe to obtain a better understanding of the structure and dynamics of protein sidechains with respect to the backbone. It is thus an interesting task to devise new experiments which probe this relative geometry. Methyl benzoate is an ideal candidate model which, once its vibrational hamiltonian is fully understood, will serve to develop new pulse sequences.
II. COMPUTATIONAL METHODS

A. Quantum Chemistry
Geometry optimization of Methyl benzoate was performed using second order Møller-Plesset 26 (MP2) perturbation theory 27, 28 and employing the augmented correlation-consistent polarized-valence-triple zeta (augcc-pVTZ) basis set. Harmonic normal-mode analysis was performed with the density fitting MP2 (DF-MP2) method using an aug-cc-pVTZ regular basis and ccpVTZ fitting basis sets. All calculations were performed with the MOLPRO quantum chemistry program 29 .
The choice of the computational method and the basis set are not arbitrary. A standard MP2 with aug-ccpVTZ basis set level of computation is generally a reliable method to generate an anharmonic PES. For a system like Methyl benzoate it is not suitable due to the size of the molecule and the resulting high computational cost. To find a suitable method a comparison of computations employing different basis sets has been performed and is presented in Table I . The standard MP2 calculation employing an aug-cc-pVTZ basis set is given in the first row and provides the reference. It is clear that the standard MP2 method with aug-cc-pVTZ basis is beyond our scope to study all 48 normal modes for Methyl benzoate, as it takes almost one day and a very large memory space for a single-point energy calculation. If no specially optimized fitting basis sets are available for a certain regular AO basis set it is common practice for the DF-MP2 computations to use a fitting basis set one order higher than the regular one. The DF-MP2 with aug-cc-pVTZ regular basis and cc-pVQZ fitting basis speeds up the calculation dramatically (see Table I ) without sacrificing quality compared to the standard MP2/aug-cc-pVTZ results. A single-point energy calculation with this method takes only one and a half hours and requires almost 200 times less memory than memory require for regular MP2 calculation with aug-cc-pVTZ basis set. Whereas the DF-MP2 method employing aug-cc-pVTZ regular and cc-pVTZ fitting basis sets gives almost identical energy values in half the time and is a reasonable choice for our purpose. The anharmonic pair couplings are calculated with the DF-MP2 level of theory employing the same ccpVDZ basis for regular and fitting basis set. For some of the most problematic modes the diagonal potentials are calculated with the local density fitting coupled cluster singles and doubles and perturbative triple correction DF-L-CCSD(T) [30] [31] [32] method with the cc-pVTZ basis set in a dual-level scheme. All computations were additionally performed using the density fitting spin-component scaled (DF-SCS) MP2 method 33 employing different basis sets.
B. Grid for VSCF
The choice of an appropriate grid size is crucial for anharmonic frequency calculations for both diagonal and pair potentials. The VSCF PES can be expressed in terms of a hierarchical expansion
where
is the triple coupling and so on.
The grid was constructed based on the harmonic frequency analysis and PM3 PES cuts. The innermost two points (-h, h) are determined from the second derivative of the PES at equilibrium corresponding to the harmonic frequencies of the normal modes. The outer two points (-a, b) are determined as those points on the 1D-PES cuts along the normal modes for which the PM3 energy reaches six times the harmonic frequency quantum w.r.t. V 0 . The remaining points are calculated dividing the interval with different proportions e.g., c =
and l = f +h 2 . Diagonal potentials with 6 points (see Fig. 2a ) are insufficient for a reasonable description of the PES in the calculation of anharmonic frequencies. In particular, a denser set of grid points is required near the equilibrium configuration. A comparative study has been carried out with 8 point (see Fig. 2b ) and 12 point (see Fig. 2c ) 1D grids. It indicates that the 8 point grid PES is a reasonable choice for anharmonic frequency calculations.
All diagonal points were first evaluated on an eight point one-dimensional grid as shown in Fig. 2b , then interpolated to equidistant 16 point grids which were used in the collocation treatment. Pair potentials, calculated at semiempirical PM3 level, were evaluated on 8 × 8 point direct product grids and then interpolated to 16 × 16 point grids by two-dimensional cubic spline interpolation 35 . To lower the computational cost while maintaining high quality pair potentials, we performed DF-MP2/cc-pVDZ computations for selected coupling potentials on irregularly spaced two-dimensional grids, as shown in Fig. 2d . Energies are only calculated for the grid points marked with crosses. The undetermined points (marked with circles in Fig. 2d ) are filled by using non-uniform IMLS (interpolating moving list-squares) 36 interpolation, which provides a potential on 8 × 8 point direct product grids. The 8 × 8 point grid is extended to the 16 × 16 point grid by using 2D cubic-spline interpolation. 
III. RESULTS AND DISCUSSION
A. Vibrational spectrum of Methyl benzoate
There are not many experimental results (except for the low-resolution IR Raman spectrum of Chattopadhyay 37 ) available for Methyl benzoate. Also not all modes are resolved and identified experimentally, especially for low-frequency and near-degenerate modes. We therefore choose our best computational result, which agrees comparatively well with the known experimental results 37-40 , as a reference and then discuss all other levels of computation with respect to that. For this purpose, we choose the non-correlated VSCF results as a reference, where diagonal and pair potentials are calculated using the DF-SCS method employing a cc-pVDZ basis set.
The entire vibrational spectrum of Methyl benzoate can be divided into three different frequency regions. Most interesting high frequency modes are due to the C-H stretching modes. Low frequency (up to ∼1000 cm −1 ) modes are primarily due to bending motions involving the phenyl ring and the ester group. Between these two extremes there are modes with combinations of bending and stretching motions and also the spectroscopically well-separated C=O band at about 1725 cm −1 . The vibrational frequencies of all modes of Methyl benzoate calculated at different levels of theory are presented in Table II along with their experimentally observed values and full assignment of all modes. The deviation of the vibrational frequencies calculated at different levels of theory with respect to the frequency obtained from the non-correlated VSCF/DF-SCS method are plotted in a Symbols: R = rotation, r = rocking, ipr = in-plane rotation, opr = out-of-plane rotation, ipb = in-plane bending, opb = out-of-plane bending, ipd = in-plane deformation, opd = out-of-plane deformation, as = asymmetric stretch, ss = symmetric stretch, asb = asymmetric bending, sb = symmetric bending, sipb = symmetric in plane bending, mCH = methyl CH bond, pCH = phenyl CH bond, sy = symmetric.
Figs. 3a, 3b and 3c. The trend observed for the root mean squared deviation (RMSD) with respect to VSCF/DF-SCS going from harmonic (148 cm −1 ) to the inclusion of only diagonal anharmonic potentials (151 cm −1 ), and finally to the full potential expansion up to pair contributions at PM3 level (78 cm −1 ) and DF-MP2/cc-pVDZ level (24 cm −1 ) shows that a balanced description of diagonal and coupling contributions is of importance in simplified models. Surprisingly, for VC-MP2 the RMSD (45 cm −1 ) deteriorates compared to the non-correlated VSCF treatment. Correlation correction may not be necessary for such a large system 41 , and the VC-MP2 method may suffer from a degeneracy problem due to the high density of states in Methyl benzoate. As seen from Figs. 3a, 3b and 3c, the VC-MP2 vibrational frequencies deteriorate for modes 2, 14, 16, 17, 35, 41, 45 and 46.
The V-MP2 also shows a degeneracy problem for these modes. Other than for these modes, VC-MP2 method shows a generally good agreement with the experimental results. For low frequency modes dual level calculations with PM3 pair couplings are not reliable. The RMSD calculated for all 40 low frequency modes is thus quite high, 73 cm −1 . Harmonic and diagonal frequencies (frequency calculated from the anharmonic diagonal PES) are also quite off for several modes (1, 2, 3, 13, 18, 35, 41 to 48) from the reference frequencies and give RMSDs of 35 cm −1 and 37 cm −1 , respectively. Frequencies calculated with the non-correlated VSCF method with DF-MP2/cc-pVDZ diagonals and pair coupling potentials are in good agreement with the experimental results, which yields a very low RMSD of 14 cm −1 for the 40 low frequency modes. Dual level calculations using DF-MP2/aug-cc-pVTZ diagonal and DF-MP2/cc-pVDZ pair potentials, improve the results further, with a RMSD of 11 cm −1 . In the low frequency region mode 32, which corresponds to the asymmetric bending motion in the methyl group, is the most problematic mode, as seen in Fig. 3b . Harmonic and diagonal frequencies for this mode are 130 cm −1 and 192 cm −1 too high, respectively. The frequency calculated employing DF-MP2/cc-pVDZ pair potentials is also too high (∼ 80 cm −1 ) compared to the experimental result. This may indicate a strong coupling with the methyl group rotation or a missing pronounced triple coupling within the methyl group, neither of which are well represented in our current model.
B. High frequency vibrational modes
The high-frequency vibrational modes (41 to 48) are spectrally isolated from all other modes of Methyl benzoate (see Table II ). The deviation in frequency for these 8 modes calculated at different levels of theory w.r.t. the VSCF/SCS-VDZ method is plotted in Fig. 3c . Harmonic and diagonal frequencies are too high. The RMSD w.r.t. the VSCF/DF-SCS results for the C-H stretch vibrational modes (41 to 48) alone is 319 cm −1 for the harmonic frequency, whereas it is 454 cm −1 for the diagonal frequencies. The large RMSDs for these eight modes from the harmonic and the diagonal frequency calculations are mostly due to the mode 42, which shows an unexpected red shift to the frequency ∼ 2550 cm −1 (this is discussed in details later). However, when pair couplings are included, the RMSD is reduced dramatically. Dual level calculations, with DF-MP2/aug-cc-pVTZ diagonal potentials and PM3 pair potentials (see Table II) yield a RMSD of 100 cm −1 . In this case mode 42 is also quite high but shows a red shift from the conventional C-H stretch vibrational frequency to a frequency of 2787 cm −1 . Dual level non-correlated VSCF computation with DF-MP2/aug-cc-pVTZ diagonal and DF-MP2/ccpVDZ pair potentials are surprisingly accurate for the C-H stretch vibrational frequencies. The RMSD calculated for these eight modes is 13 cm −1 only. A rather surprising result of the anharmonic paircoupling calculations is that one of the C-H stretch vi-brational modes is shifted to a much lower frequency than the remaining C-H stretch vibrations. This red shift of the C-H stretch vibrational mode has not been discussed in literature, so far. However, a close investigation of the experimental spectra 42 , reveals the presence of an unassigned peak at 2560 cm −1 , with low intensity. In a recent 1D IR experimental study of deuterated Methyl benzoate by Steinel group 43 , a low intensity peak is observed at 2542 cm −1 which matches with the calculated frequency (see Fig. 8 ).
Closer inspection of this mode reveals that this frequency originates from the combination of anti-symmetric C-H (two out of plane hydrogens) stretch vibration in the methyl group along with the out of plane rotation of the ester group w.r.t. the phenyl ring about the C-C bond (mode 1). The ester group rotational motion pulls in one out-of-plane hydrogen to the plane of molecule and pushes the other from the molecular plane. Such a pull and push force changes the force constant of the anti-symmetric C-H stretch vibration, which unexpectedly lower the vibrational frequency of this band. Their motion is depicted in Fig. 4a . The rotational motion is indicated by a curved arrow. Since this vibrational mode (mode 42) is, in the rectilinear normal mode basis employed here, strongly coupled with the lower frequency mode 1, the harmonic and the diagonal anharmonic analysis fails to describe it, where as pair coupling analysis explain it.
C. C=O band
The spectroscopically most studied vibrational band in peptides is the amide-I band. In the Methyl benzoate spectrum the C=O stretch vibrational band which is analogous to amide-I band, is spectrally isolated from all other vibrational frequencies. Computationally, however, the study of this vibrational mode is not straightforward. The harmonic and the anharmonic diagonal frequencies of the C=O stretch vibration at DF-MP2/aug-cc-pVTZ level are relatively high (1766 cm −1 and 1759 cm −1 respectively) for this mode, compared to its experimental frequency (1724 cm −1 ) (see Table II ). Dual level frequency calculations employing DF-MP2/aug-cc-pVTZ diagonal and the PM3 pair potential is even worse (see Table II ). The calculated C=O frequency is improved when dual level calculation are performed replacing the DF-MP2/cc-pVDZ diagonal potential for the C=O vibrational mode alone by a DF-L-CCSD(T)/cc-pVTZ diagonal potential. A perfect match with the experimentally observed frequency (1724 cm −1 ) is obtained. For Methyl benzoate, the non correlated VSCF computation yields the C=O stretch vibrational frequency of 1726 cm −1 , where as both V-MP2 and VC-MP2 yield 1727 cm −1 . For the C=O stretch mode a high level description of the diagonal potential is thus of tantamount importance.
IV. DEUTERATED METHYL BENZOATE
Deuteration of Methyl benzoate in the ortho position of the benzene ring yields the syn-and anti-isomers of ortho-deutero methyl benzoate (o-DMB) shown in Fig. 5 . In the potential energy minima the ester group remains in the same plane as the benzene ring. Upon thermal excitation, the conformers interconvert by a rotation of the ester group around the C-C bond axis. The barrier height for the ester group rotation in Methyl benzoate is estimated at ∼ 0.25 eV, as calculated by the DF-MP2 method with aug-cc-pVTZ basis set. This is rather small and easily accessible even at room temperature and thus the conformers can easily interconvert. Since both conformers have nearly the same equilibrium energy, they are also equally populated. Although both conformers have nearly the same molecular energy, they possess different vibrational C-D frequencies due to the different couplings to the ester group. With the best possible computation (dual level VSCF) a C-D stretch frequency difference for these two conformers of about 10 cm −1 is found.
A. Identification of isotope effects by co-diagonalization
The co-diagonalization 44 method finds a convenient application in vibrational spectroscopy to identify the coupling of different modes and isotope effects. When an atom is substituted with its isotope, some of the eigen vectors differ from the non-substituted molecule. In co-diagonalization these are identified by non-zero offdiagonal elements. The frequency shift for the primary isotope effect appears in the diagonal element and secondary effects appear as off-diagonal elements. are shown in the lower right triangle. The corresponding scale is given on the right side.
The syn-and anti-isomers show a clear primary isotope effect for the 44 th (2171 cm −1 ) and 48 th (2161 cm −1 ) vibrational modes, respectively. The primary isotope effect is observed in the C-D stretching vibration as expected. The secondary isotope effects are mainly due to the coupling with the C-D vibrational mode. These appear in the low frequency region. A noticeable feature of the isotope effect is that both isotopomers show secondary isotope effects for the same normal modes (modes 8, 13, 14, 17, 18, 19, 20, 23, 27 and 31) , where as primary isotope effects are observed for different normal modes. A strong secondary isotope effect is observed at the upper left corner of Fig. 6 (a) and (b) , due to the coupling of C-D and methyl group rotation (see Fig. 4b ).
B. Vibrational frequencies of anti-o-DMB
For the deuterated species, the overall RMSD shows a similar behavior as in undeuterated Methyl benzoate. Calculated harmonic and anharmonic diagonal frequencies are quite offset from the reference frequencies and give high RMSD values of 137 cm −1 and 130 cm −1 , respectively. Non-correlated VSCF dual level frequency calculations based on MP2/aug-cc-pVTZ diagonal and PM3 pair potentials also deviate considerably from the reference frequencies (RMSD = 76 cm −1 ). The noncorrelated VSCF frequencies employing DF-MP2/ccpVDZ pair and DF-MP2/aug-cc-pVTZ diagonal potentials show good agreement with the reference frequencies and yield a very low RMSD of 14 cm −1 , for all 48 modes. Figs. 7a, 7b and 7c depict the general features of the different computational methods for the deuterated Methyl benzoate and Table II presents the vibrational frequencies for the anti-o-deutero-methyl-benzoate. Dual level frequency calculation employing DF-MP2/aug-ccpVTZ diagonal potentials and PM3 pair potentials for all 40 low frequency modes are not reliable, but for the high frequency modes it yields quite reasonable results. The harmonic and the diagonal anharmonic frequencies are also too high in the low frequency region as well as the high frequency region. For the low frequency modes (40 modes) the non-correlated VSCF employing DF-MP2/aug-cc-pVTZ diagonal and DF-MP2/cc-pVDZ pair potentials are in good agreement with the reference frequencies, yielding a RMSD of 13 cm −1 . This level of computation is also adequate for the high frequency region and yields a RMSD for the 8 C-H stretch vibrational modes of 17 cm −1 .
C. C-D band
The harmonic C-D vibrational frequencies at DF-MP2/aug-cc-pVTZ level are rather large, they are 2384 cm −1 and 2392 cm −1 for the syn-and anti-o-DMB, respectively. The anharmonic diagonal frequency calculation at DF-MP2/aug-cc-pVTZ level improved the results over harmonic calculation by about 70 cm −1 . It is noteworthy that the C-D stretching frequency is significantly improved by using the pair potentials calculated at DF-MP2/cc-pVDZ level. The non-correlated dual level VSCF method yields C-D vibrational frequencies of 2171 cm −1 and 2161 cm −1 , for the two isotopomers. An interesting result is observed when the dual level calculations are performed with systematically improved diagonal PES for the C-D stretch vibrational mode. With the improved basis set (for all atoms same basis sets are used) for the diagonal PES, the C-D anharmonic vibrational frequency exhibits a red shift. The frequency change is rather large for the DZ to TZ basis sets, and it converges quickly for larger basis sets. For example, when the diagonal potential for C-D (in anti-o-DMB) vibrational mode is calculated with augmented ba- sis sets, a 32 cm −1 frequency shift is observed going from AVDZ to AVTZ. On the other hand, a basis set improvement from AVTZ to AVQZ shows just 1 cm −1 frequency shift (Table III coloumn SCF) . The C-D shows also a (Table III) .
A detailed analysis of the coupling pattern shows that only a few modes are coupled with the C-D stretch vibrational mode. It is observed that modes 17 and 19 which correspond to the C-D bending modes, are strongly coupled with the C-D stretching mode. Also some other modes like 12, 13, 14, 15, 16, 18, 21, 24 , have some weak coupling with the C-D stretch vibrational mode (see supplemental information). All these modes are involved with some kind of C-D bending motions (see Table II ).
One might expect that higher order terms in the manybody expansion of the PES have a significant influence on the vibrational frequency of the anharmonic system. The PM3 triple coupling potentials were used for such an analysis. Selected PM3 level triple couplings were added to the DF-MP2/cc-pVDZ pair coupling. This lowers the C-D stretching frequency negligibly (see supplemental information) indicating a minor influence of triple couplings 46 for this particular mode.
There are two significant peaks observed in the linear IR absorption spectra (see lower right magnified region in Fig. 8 ) which are equally separated from the calculated C-D stretch frequency at 2189 cm −1 . It seems that the C-D vibrational stretching mode is coupled with some low vibrational modes and due to the Fermi resonance it split up into two bands. Vibrational CI calculation may be necessary to describe this feature.
D. C=O band
Due to the structural arrangement, there is a possibility to form a strained five membered ring between the ester and the phenyl ring, which may induce an additional coupling between the C=O and the C-D band. The possible structure is shown in Fig. 5c . Both the oxygen atoms in the ester group may take part in five membered rings along with the ortho and β-hydrogens of the phenyl ring. The calculated possible non-bounded distances are 2.499Å and 2.397Å for the syn-and anti-positions, respectively, which are much larger than the required bond length to form a true five membered ring. Therefore, isotopic substitution at the ortho position in the phenyl ring does not have any influence on the C=O vibrational frequency. The C=O vibrational frequency remains largely unchanged for both syn-and anti-o-DMB. Calculated anharmonic frequencies in dual level calculations yield the same frequency of 1724 cm −1 for both syn-and anti-conformers, which is in agreements with the experimental results.
E. Anharmonicity observed in the VSCF calculations
The diagonal anharmonicities in frequency calculations are presented in Table V where mode numbers are based on the harmonic normal mode analysis. The diagonal anharmonicities are very high for the high frequency C-H stretch vibrational modes, up to a few hundred wavenumbers. Especially mode 42, which is unexpectedly red shifted, shows maximum anharmonicity. Other than the C-H stretch vibrational modes, diagonal anharmonicities are rather small (< 10 cm −1 ). Few low frequency modes show anharmonicities slightly higher than 10 cm −1 . These vibrational modes are mostly involved with C-H bending motions (see Table II ). For the first three modes the calculated vibrational frequencies are not reliable and for that reason anharmonicities are also unreliable.
F. Off-diagonal anharmonicity
Off-diagonal anharmonicities calculated for the few spectroscopically most important modes are presented in Table. VI. Calculated off-diagonal anharmonicities for the C=O vs. C-D coupling modes for both the isotopomers are less than a wave number. Such a negligi- bly small off-diagonal anharmonicity also indicates that there is negligible direct coupling between the C=O and the C-D vibrational modes.
V. CONCLUSIONS
It has been observed that harmonic frequencies are very poor approximation to assign the vibrational frequencies of Methyl benzoat and its two isotopomers. Anharmonic diagonal frequencies show some improvements but were still not sufficient to reach a reasonable assignment. The fundamental transition frequencies calculated with the VSCF method from a pair potential energy surface expansion seem promising, especially when the 2D PES are calculated at a sufficiently high ab initio level. The success of the VSCF frequency calculations depends upon the accuracy of the PES, in particular near the equilibrium where denser grid points are required. Dual level computations in which the diagonal anharmonic potential along a single vibrational mode is calculated using higher level ab initio methods than for coupling potentials provide an efficient route to the computation of the PES expansion in the VSCF framework. Such a dual level VSCF calculation with DF-L-CCSD(T)/cc-pVTZ diagonal and DF-MP2/cc-pVDZ pair coupling potentials provided a nearly perfect agreement of the C=O vibrational frequency with respect to the experimental result.
Carrying out a systematic study, we have shown that not all pair couplings are necessary to describe a particular vibrational band. Using only 14 coupling potentials for the C-D stretch vibrational mode the computed frequency is in good agreement with the result based on the full set of 1128 couplings. Non-uniform IMLS interpolation has been successfully used to reduce the computational cost for potential energy surface generation even further.
An unexpected red shift has been observed for a C-H stretch vibrational mode when the VSCF calculation has been performed with pair coupling potentials. The inability to find this mode in harmonic and diagonal anharmonic calculations indicates that this is a concerted anharmonic effect and pair and higher order couplings are in fact necessary to understand this feature. Our investigations for the C-H(D) stretch vibrational modes with selected triple couplings at PM3 level do not improve the results much over the ab initio pair coupling calculations. This could indicate that either PM3 triple coupling potentials are in sufficient or that higher order coupling effects are negligible in this model.
The correct assignment of the C-D stretch frequency still poses a problem to both the theoretician and experimentalist. The calculated C-D stretch frequency just sits between the two strong peaks observed in the linear IR absorption spectra at the expected C-D frequency region. It seems that the C-D stretch frequency mode is coupled with some low vibrational frequency modes and thus it is shifted equally in both directions and appears as two peaks. Vibrational CI calculation may be necessary to describe this feature.
The diagonal and the off-diagonal anharmonicities have been calculated by non-correlated VSCF method. Other than for a few low frequency modes, which are involved in the C-H bending modes, diagonal anharmonicities are very small. The negligible off-diagonal anharmonicity for C=O and C-D coupling modes indicates that these modes are mostly decoupled.
